Background: Growing evidence suggests links between sugar-sweetened beverages (SSBs) and metabolic disorders. We investigated the effects of SSBs commonly consumed by adolescents and their relationships to glucose metabolism and fatty liver. Methods: We treated 7-week old male C57BL/6 mice with water (control) or one of three different SSBs, carbonated soda (Coca-Cola), sweetened milk coffee (Maxwell), or chocolate-added cocoa (Choco-Latte), for 13 weeks (n=10 in each group). Half of the animals were fed a regular chow diet and the other half a high-fat diet (40% fat). Body composition and biochemical variables were investigated at the end of treatment. Histology of the liver and adipose tissue, as well as molecular signaling related to glucose and lipid metabolism, were also evaluated. Results: During the 13-week treatment, mice treated with chocolate-added cocoa or sweetened milk coffee showed significantly greater increases in body weight compared with controls, especially when fed a high-fat diet. Fasting glucose level was higher in the three SSB-treated groups compared with the control group. Lipid droplets in the liver, fat cell size, and number of CD68-positive cells in adipose tissue were greater in the SSBtreated groups than in the control group. SSB treatments increased the expression of genes related to inflammatory processes in the liver and adipose tissue. Phosphorylation of AKT and glycogen synthase kinase in muscle was significantly reduced in SSB-treated groups. Conclusion: Daily consumption of SSBs over 3 months lead to metabolic impairment and weight gain and may contribute to development of metabolic diseases.
INTRODUCTION
Excessive sugar consumption contributes to risk of cardiometabolic diseases. 1 Despite global efforts to reduce consumption of sugar, it continues to exceed levels recommended by nutritional guidelines and is an important risk factor for cardiometabolic disease worldwide. [1] [2] [3] Sugar-sweetened beverages (SSBs) are a significant source of added sugars and have been identified as a critical con-tributor to high sugar intake. 4 In the United States (US), consumption of SSBs is steadily increasing, especially among children and adolescents. 5 Many Asian countries are following this global nutrition transition toward greater consumption of sugar and SSBs. [6] [7] [8] (T2DM), and obesity. 11 A recent meta-analysis of seven prospective cohort studies (n = 308,420 participants; age range, years) reported 13% greater risk of stroke and 22% greater risk of myocardial infarction associated with SSB consumption. 12 The harmful effects of SSBs are most prominent in the young.
Notably, teenagers consume more sugar than other age groups, more than two times the recommended amount. 13 Students may easily access SSBs such as carbonated soda, energy drinks, sports drinks, and highly sweetened coffees and teas at school. Such unhealthy behavior puts teenagers at risk of obesity and obesity-related diseases. 14, 15 Due to concerns about health-related effects of SSBs, vending machines selling soft drinks have been banned in many parts of the US. In 2014-2015, the U.S. Department of Agriculture nutritional standards for foods and beverages required US high schools participating in federally reimbursable meal programs to remove virtually all SSBs at competitive venues. 16 Despite these efforts, SSB consumption continues to increase and appears to be an independent risk factor for metabolic diseases. 17, 18 Obesity has emerged as a global public health concern. The prevalence of obesity is continuously increasing due to nutritional transitions in both developing and developed countries 19 and has increased by 40% in men and 30% in women in the US, with greater increases in adolescents. 20, 21 In South Korea, the proportion of people with body mass index ≥ 25 kg/m 2 . Furthermore, the prevalence of metabolic syndrome in youths aged 12 to 19 years in South Korea increased from 4.0% in 1998 to 7.6% in 2007, along with major increases in dyslipidemia and abdominal obesity. 22 Overweight and obese adolescents in the US obtain >300 kcal per day from SSBs, an average of 15% of their total daily energy intake. 23 Thus, SSB consumption is likely to be a primary contributor to obesity and metabolic diseases in the young.
Despite the great concern about health risks related to SSB consumption, the unfavorable metabolic effects of daily consumption of SSBs have not been clearly demonstrated, especially in younger people. Here, we aimed to investigate the effects of SSBs on glucose metabolism and fatty liver disease using an animal model.
METHODS

Selection of SSBs
Korean national data show that adolescents and young adults in South Korea frequently consume SSBs, including carbonated sodas, energy drinks, sports drinks, and highly sweetened coffees and teas. 24 To identify a representative sample, we conducted a survey of SSB consumption among Korean high school students (n= 101). 
Experimental design and animal care
Forty male C57BL/6 mice aged 7 weeks (Japan SLC, Shizuoka, Japan) were used in the study. All mice were maintained at a temperature of 22°C ± 2°C and 55% ± 10% humidity under a 12:12hour light-dark cycle and were allowed food and water ad libitum for the duration of the treatment period.
After being matched for weight, study mice were divided into two groups: one group was fed a normal chow diet and the second a high-fat diet. Each group was further divided into four subgroups with various treatments: water, equivalent of two cans of Coca-Cola, equivalent of two cans of Maxwell, and equivalent of two packs of Choco-Latte. Therefore, there were eight groups total, with five mice per group. At 8 AM each day, treatment beverages were administered to study animals using a feeding device. The amount of beverage administered to mice was calculated based on body weight according to a commonly used conversion between humans (60 kg) and mice (20 g 
Body weight, body composition, and food intake measurements
During the 13-week treatment, body weight was measured once per week. Food and water intakes of all mice in each study group were also measured every week throughout the treatment period.
Body composition was determined by dual-energy X-ray absorptiometry using a PIXImus II apparatus (GE Lunar Corp., Madison, WI, USA) at the end of the treatment period. To estimate pancreatic β-cell function and insulin resistance, the homeostasis assessment of insulin resistance (HOMA-IR) and homeostasis assessment of β-cell function (HOMA-β) were calculated using fasting insulin and glucose levels. 25
Biochemical markers associated with cardiovascular risk
Histology of liver and adipose tissues
After 13 weeks of treatment, liver and visceral adipose tissues were harvested to investigate the effects of SSBs on histology. Tissue samples were fixed in formalin, routinely processed, and embedded in paraffin. Paraffin-embedded sections (4 μm) were stained with hematoxylin and eosin (H&E). The area of lipid droplets that had accumulated in the liver was measured using a microscope for image acquisition and corresponding software for quantification (Image J software; National Institutes of Health, Bethesda, MD, USA). 26 The sizes of fat cells in abdominal visceral fat were measured using the same software. Crown-like structures, which indicate clustering of inflammatory cells, were identified.
Immunofluorescence staining of CD68
Deparaffinized and rehydrated sections were steamed in target 
Western blot analysis
Tissues were lysed in lysis buffer, and protein concentration was 
RESULTS
Effect of SSBs on body weight
For 13 weeks, starting from 7 weeks of age, weight changes were compared between control, carbonated soda, sweetened milk coffee, and chocolate-added cocoa treatment groups (Fig. 1) . The mice fed a high-fat diet significantly increased in weight during the treatment period compared with those allowed a normal chow diet. The SSB-treated groups treated with chocolate-added cocoa or sweetened milk coffee showed greater increases in body weight compared to the group treated with water, and the differences were more prominent in those allowed a high-fat diet. At the end of the treatment period, body weight of the chocolate-added cocoa group had increased to a significantly greater extent compared with the other three groups allowed a high-fat diet (Fig. 1A) .
Body fat percentages were higher in the three groups treated with SSBs than in the control group, and the differences were more prominent in those allowed a high-fat diet (Fig. 1B) . In those allowed a high-fat diet, body fat percentages in the groups treated with chocolate-added cocoa or sweetened milk coffee increased more than in the group treated with carbonated soda.
Effects of SSBs on blood glucose, glycemic excursion, and insulin tolerance
We analyzed the effects of SSBs on glucose homeostasis. At the end of the treatment period, fasting blood glucose level in all SSB groups was significantly increased compared with the control group ( Supplementary Fig. 1A ). Of the three SSB-treated groups fed a normal chow diet, blood glucose level during the glucose tolerance test and ITT did not differ significantly from that of the control group ( Supplementary Fig. 1B, C) . Under the high-fat diet condition, blood glucose level during the glucose tolerance test increased more at 15, 30, and 60 minutes in all three SSB-treated groups than it did in the control group ( Supplementary Fig. 1B) .
The AUCglucose was also higher in the three SSB-treated groups than in the control group. Glucose level in the ITT was higher in the chocolate-added cocoa and sweetened milk coffee groups than in the control group, particularly at 0, 15, 30, and 60 minutes (Supplementary Fig. 1C ). Those in the carbonated soda group had higher glucose level than the control group at 60 minutes.
Effects of SSBs on overall food and water intake
We determined cumulative food and water intakes in the four treatment groups. There were no significant differences in food or water consumption between the mice fed a normal chow diet, except at 16 and 17 weeks of treatment ( Supplementary Fig. 2 ). In contrast, there were significant increases in food and water consumption in the chocolate-added cocoa group and sweetened milk coffee group from 4 to 5 weeks of treatment compared with the control group or carbonated soda-fed groups allowed access to a high-fat diet. Thus, the milk-containing beverage groups (sweetened milk coffee and chocolate-added cocoa) showed a trend toward higher cumulative caloric intake of food and drinks compared with the control and carbonated soda groups, particularly when allowed a high-fat diet.
Effects of SSBs on biochemical parameters
When fed a normal chow diet, fasting glucose and insulin levels were higher in SSB-treated groups than controls, resulting in high HOMA-IR and low HOMA-β. Liver enzyme activities of AST and ALT and circulating levels of triglycerides, hsCRP, and MCP-1 were also higher in these groups than they were in control mice ( Table 2) .
When fed a high-fat diet, the differences in glucose, insulin, AST, ALT, triglycerides, and MCP-1 levels between the SSB-treated groups and control mice were more prominent. HOMA-IR increased substantially in mice in the SSB-treated groups allowed a high-fat diet compared to mice fed a normal chow diet. Adiponec-tin level was lower and TNF-α level was higher in the SSB-treated groups than in controls ( Table 3) .
Effects of SSB supplementation on liver and adipose tissue histology
Liver sections from mice either on a normal chow diet or a highfat diet were stained by H&E at the end of the treatment ( Fig. 2A) .
After 13 weeks of treatment, the area of lipid droplets in the livers of mice in the SSB-treated groups was larger than in control mice allowed a high-fat diet (Fig. 2B ).
After 13 weeks of treatment, the fat cells in abdominal visceral
adipose tissue were larger in the three SSB-treated groups than in control mice (Fig. 3) . Crown-like structures were found in mice in the three SSB-treated groups but not in the control group. These differences were only observed in mice fed a high-fat diet and not in those fed a normal chow diet (data not shown). Supplementary Fig. 3 shows immunofluorescence staining results for inflammatory cells. The number of CD68-positive cells increased in mice in the three SSB-treated groups compared with 
Immunofluorescence staining of CD68 in adipose tissue
Relative expression of pAKT and pGSK in muscle of mice allowed a high-fat diet
We investigated the relative expression of pAKT and pGSK in the muscle tissues of the four treatment groups ( Supplementary   Fig. 4 ). The pAKT to AKT ratio was markedly lower in the SSBtreated groups than in the control group. Moreover, the levels in mice treated with chocolate-added cocoa or sweetened milk coffee were further attenuated compared with those in mice treated with carbonated soda ( Supplementary Fig. 4B ). The pGSK to GSK ratio was also significantly lower in the SSB-treated groups than it was in the control group. Significant differences were observed only in mice fed a high-fat diet and not in those fed a normal chow diet (data not shown).
Effects of SSB treatment on expression of genes related to metabolism, inflammation, endoplasmic reticulum stress, and lipid metabolism in adipose tissue and liver
The level of expression of adiponectin in visceral adipose tissue was significantly lower and the levels of IL-6 and CHOP were significantly higher in the three SSB-treated groups compared with the control group for mice fed a high-fat diet ( Supplementary Fig. 5 ).
There were no significant differences in levels between the SSBtreated groups. However, MCP-1 expression in visceral adipose tissue was increased only in mice treated with carbonated soda or sweetened milk coffee compared with controls.
In the liver, the levels of expression of CHOP and GRP78 mRNA were increased in the three SSB-treated groups, but MCP-1 expression was higher only in the group treated with sweetened milk coffee ( Supplementary Fig. 6 ). The expression of CHOP in the group treated with chocolate-added cocoa was greater than that in groups treated with carbonated soda or sweetened milk coffee.
The expression of SREBP1c mRNA was significantly attenuated in groups treated with SSBs compared with the control groups.
DISCUSSION
In the present study, treatment with SSBs for 13 weeks resulted in greater increase in body weight and blood glucose concentration A recent study has shown that high intake of sugars from SSBs, such as sugar-added tea and coffee, is associated with hyperglycemia and inflammatory markers. 18 Metabolically, the harmful effects of SSBs are mostly the contribution of fructose and additional calo- ries. In the liver, fructose easily converts to hepatic glycogen or fat, promotes lipogenesis, and worsens insulin resistance. 27, 28 Therefore, fructose consumption is appreciated as a risk factor for obesity or cardiometabolic diseases. 29 Consistent with such concerns, adverse metabolic effects of SSBs were clearly observed in the present study, which showed increased fat accumulation in the liver and attenuated expression of genes related to insulin sensitivity in SSBtreated mice. Moreover, SSBs provide a source of de novo lipogenesis and inhibit adipose lipolysis, 30, 31 ultimately increasing visceral adiposity. 32 The present study also found that adipocytes in mice treated with SSBs were enlarged and had more crown-like structures. These changes may also contribute to peripheral insulin resistance and inflammation.
Muscle is a primary tissue that responds to insulin after a glucose load. The SSB-treated mice showed impaired insulin signaling in muscle, as determined by AKT and GSK phosphorylation, compared to control mice. A fructose-rich diet has detrimental effects on mitochondrial function and energy metabolism in muscle. 33, 34 In agreement with previous findings, glucose metabolism in muscle was impaired in the mice treated with SSBs, which may contribute to development of diabetes.
Glucose and lipid metabolism are interrelated and are affected by cytokines (e.g., adiponectin, TNF-α, and IL-6) and molecules involved in inflammation, oxidative stress, and endoplasmic reticulum (ER) stress (e.g., hsCRP, MCP-1, and plasminogen activator inhibitor-1).
In the present study, aggravated insulin resistance in SSB-treated mice was accompanied by increased levels of expression of CHOP, GRP78, and ER stress markers in the liver. 35 Thus, SSB treatment is likely to promote inflammatory-and stress-related processes in metabolically active organs.
In the present study, we observed metabolically harmful effects of SSBs in mice fed a high-fat diet, while mice fed a normal chow diet were less affected. The biochemical and histological changes in the SSB-treated groups occurred mainly through increased fat accumulation and altered lipid metabolism in metabolically active organs. Therefore, such changes might be more exacerbated in mice fed a high-fat diet, which already have a vulnerable signaling pathway related to lipid metabolism as a result of the fat load.
The World Health Organization has advised reduction of sugar intake to avoid chronic diseases such as fatty liver disease, T2DM, and metabolic disorders. 36, 37 Despite great concern about the metabolic risks of added sugar, consumption of SSBs is steadily increasing, especially among younger people. 4 In addition, people tend to consume diverse types of SSBs together, for example, carbonated sodas and sweetened milk coffee. This may intensify the harmful effects of these SSBs through de novo lipogenesis and inhibit adipose lipolysis, 30, 31 resulting in fat accumulation in the abdomen and metabolically active organs, such as liver and muscle. 32 The combined consumption of SSBs may also aggravate inflammation and insulin resistance by altering expression of related genes, such as IL-6 and MCP-1. 38 Given that SSBs are consumed mainly by adolescents and young adults, and their negative effects emerge as quickly as 3 months, it would be prudent to advise teenagers to consume less SSBs. This would be one of the most effective strategies to avoid further increases in metabolic diseases such as fatty liver, dyslipidemia, and diabetes mellitus.
The strengths of the present study are as follows. First, application of in-depth evaluation of body composition and histological assessments of liver and fat tissue produced a comprehensive analysis of the metabolic effects of SSBs. Second, the SSBs used in this study were chosen based on a survey conducted in a high school in
Korea and thus may reflect actual consumption. Finally, experiments were performed using groups of mice fed a normal diet or a high-fat diet, which demonstrated differences in effects of SSBs based on type of diet.
Nonetheless, one possible limitation of this research is that a 13-
week treatment period might have been insufficient. Conducting the experiment for a longer period would have made it possible to observe the effects of chronic exposure to SSBs.
In conclusion, the equivalent of two cans or packs of SSBs consumed daily for 13 weeks led to harmful biochemical and histological effects on energy homeostasis. These effects included increased body weight and body fat along with infiltration of inflammatory cells, which induced fat accumulation in the liver and ultimately impaired insulin sensitivity. Expression of genes related to energy metabolism, inflammation, and ER stress was affected unfavorably by SSB treatment. These changes may confer a greater risk of future metabolic disease in exposed persons. Thus, concerns regarding the harmful effects of SSB consumption are warranted.
